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Abstract 
Boron nitride films were deposited onto Si substrates by hot filament chemical vapor deposition. The Tris(dimetylamino)borane 
(B[N(CH3)2]3) was used as source precursor, and the ammonia gas was used as the extra nitrogen source to increase the N 
concentration in the films. The bias was applied on the substrate stage to obtain the cubic phase of boron nitride. Structures and 
compositions of the films were investigated by energy dispersive X-ray (EDX) analysis and Raman spectroscopy. BN films 
contain hexagonal structures were deposited. To verify whether the films can be applied to the microforming die for forming 
pure titanium, the ball-on-disk test was carried out with pure titanium as the counterpart. The interfacial behavior between the 
films and pure titanium was also investigated by observe the wear track after the ball-on-disk test. The result shows that there 
was no titanium adhesion on the wear track when BN films were remained.  
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1. Introduction 
Because of the biocompatibility, corrosion resistance and specific strength, titanium and its alloys were 
commonly used to produce medical components. And the microforming technology has received good attention in 
biomedical and dental industries, as it contributes on the advantages of high production rates, excellent mechanical 
properties of product and near net shape production (Geiger et al., 2001). Thus microforming of titanium is 
* Corresponding author. Tel.: +81-42-585-8440; fax: +81-42-585-8440. 
E-mail address: jinyonghit@gmail.com 
 
 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
1910   Yong Jin et al. /  Procedia Engineering  81 ( 2014 )  1909 – 1914 
expected to be widely applied to produce micro medical components. However, since pure titanium has low 
abrasion resistance and high reactivity, the friction coefficient between work piece and tools becomes larger during 
the microforming process. This causes the galling of pure titanium on the tool surface, and reduces the tool lifetime 
(Mori et al., 2003, Shimizu et al., 2012). The dry forming is required in microforming, as lubricant has low effect 
with miniaturization, and it was difficult to clean the products. In order to prevent the galling behavior of titanium 
in microforming, and to improve the surface quality of products, hard film coatings with low friction and chemical 
inertness should be applied for tools.  
Boron nitride (BN) film is one of these hard coatings, which has many outstanding physical and chemical 
properties, such as high hardness, low friction coefficient, thermal and chemical stability, etc. The mechanical and 
structural properties of cubic boron nitride (cBN) film are similar to those of diamond, this makes the cBN films 
has wider usage as coating materials for surface. In contrast to diamond, cBN does not react with ferrous metals at 
high temperature. Furthermore, it is resistant to wear and oxidation at high temperature (Mirkarimi et al., 1997). 
This makes the BN films as good candidate coatings for forming iron-based alloys. Because of these properties, the 
BN film was considered to be used as protection coatings for forming pure titanium. In order to verify the 
possibility application of BN film for forming pure titanium, the friction and interfacial behavior of BN films 
against pure titanium should be studied.  
A number of researches had reported the successful friction properties of BN films against several materials. 
Watanabe et al. (1995) studied the friction coefficient of the cBN films, and found that this film had very low 
friction coefficient and good wear resistance when it was sliding against with diamond. Chong et al. (2010) have 
used the ball-on-disk test to study the tribological behavior of BN films with different phase compositions and 
surface roughness. They found the different friction coefficients between cBN, hBN and the composite film of 
cBN/hBN. The wear rate of the films they measured was about 1.0×10-7 mm3/N m when sliding against with Si3N4 
ball. But the friction behavior between BN films and pure titanium has not been well discussed.  
In this work, the friction and interfacial behavior of BN films against pure titanium were investigated by using a 
ball-on-disk (BOD) tribometer. The BOD test was focus on the friction properties, wear resistance and adhesion 
properties of BN films against pure titanium. The BN films were deposited by hot filament CVD, and the 
Tris(dimetylamino)borane (B[N(CH3)2]3) source precursor gas was used. The use of this source precursor is 
preferred because it contains the B and N, and the B: N ratio is fixed. The bias was applied in order to get the cubic 
structure of BN films. 
2. Experimental proceddure 
BN films were deposited onto Si (100) substrates at temperature of 973 K by a hot filament CVD system. 
Before deposition, the chamber was evacuated to 10-3 Pa. Fig. 1 shows the schematic diagram of the experimental 
set up which was designed by the Japan Advanced Chemicals Ltd. The Tris(dimetylamino)borane (B[N(CH3)2]3) 
gas was used as single source precursor. Since the N contents in the films were much lower than the B contents, 
the ammonia gas was additionally used as the extra source to increase the nitrogen concentration in the films. A dc 
bias was used to lead the cubic boron nitride structure in the films. A tungsten filament with diameter of ĭ0.2 mm 
was used, and it was about 1cm above the substrates. Si substrates were cleaned by ethanol in an ultrasonic bath, 
and put on a graphite substrate holder which was connected to the bias power. The substrates were heated up to 
700 °C by a SiC ceramic heater. A thermocouple was used to measure the temperature from the bottom of the 
substrate stage. The films were deposited at the constant chamber pressure of 40 Pa. And the film with a thickness 
of more than 100 nm could be deposited after 30 min deposition. The deposition parameters are summarized in 
Table 1. 
All the films obtained were analyzed by energy dispersive X-ray (EDX) analysis to estimate the elemental 
compositions. Raman spectroscopy was used to identify the structures of the films. And the thicknesses of the 
films were measured by atomic force microscopy (AFM). The friction coefficients and the interfacial behavior 
between the deposited films and the pure titanium balls were measured by a ball-on-disk (BOD) tribometer. A 
constant normal force of 1 N was applied for all tests, and the force corresponds to an initial Hertzian mean contact 
pressure of about 343 MPa (Etter, 2013). The details of BOD test conditions are summarized in Table 2.  
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Table 1. Deposition conditions. 
Substrate                                                p-type Si (100) 
Working Pressure                                  40Pa 
Substrate temperature                           700ć 
Precursor gas flow rate                         5-30sccm 
Ammonia gas flow rate                        30-500sccm 
Bias voltage                                          100V 
Filament to substrate distance             ̚1cm 
Deposition time                                   30min 
 
Table 2. Ball-on-disk test conditions. 
Ball material                                     Pure titanium  
Ball diameter                                    6mm 
Rotating  speed                                 200rpm 
Rotating  radius                                3mm 
Load                                                  1N 
Ending condition                             100 laps 
3. Results and discussion 
The elemental compositions of the as-deposited films analyzed by EDX are showed in Fig. 2. The compositions 
of these films were changed with the different ratios of precursor gas to ammonia gas flow rate. When the ratio of 
ammonia gas flow rate was increased, the N concentration increases while the C concentration decreases. It 
indicates that the ammonia gas plays an important role on the element concentrations of the films.  
  
                  
       Fig.2. EDX results of the films.         
                         
To investigate the different properties of the films with different C concentrations, three samples with different 
C concentrations in the films were chose. Table 3 shows the detail elemental concentrations of these three samples. 
The structure of these films were measured by Raman spectroscopy, and the frictions properties were measured by 
BOD test. 
 
Table 3. Elemental compositions of films. 
B              N              C             O              Si 
Sample 1     51.1          13.9          19.6         0.56          14.84 
Sample 2     54.7          15.9          10.6         0.66          18.14 
Sample 3     55.6          19.3            6.6         0.78          17.72 
 
Fig. 3 shows the Raman spectra for the samples shown in Table 3. The Raman peaks are different when the C 
concentrations are different. The sample 1 with higer C concentration has two peaks observed at 1351 cm-1 and 
Fig. 1. Schematic diagram of the deposition unit. 
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1562 cm-1 except for the Si substrate peak. In comparison with the report of Mannan et al. (2013), the center of the 
peaks show in Fig.3 are close to the peaks they observed in their study. The peaks were at 1350cm-1 and 1572cm-1 
in their Raman spectra, and they suggested that the films they deposited were supposed to be composed of h-BCN 
compound. As the C concentration decreases, the intensity of the peaks were decreased. In fact, there was no peak 
observed when the C concentration decreased to 6.6%. This suggests that the film with higher C concentration has 
hexagonal structures.   
 
 
Fig. 3. Raman spectra of the films. 
 
Fig. 4 shows the evolution of friction coefficients between pure titanium and the films shown in Table 3. The 
tests were stopped after each 10 laps, and the samples were taken out to measure the elemental compositions on the 
wear tracks. The friction coefficient of these films are different with different C concentrations. The film with 
higher C concentration (19.6%) shows the stable and lower friction coefficient than the films with lower C 
concentrations. To investigate the interfical behavior between pure titanium and the deposited film, the wear track 
after BOD test was measured. 
 
    
(a)  19.6% C                                                                                (b) 10.6% C 
 
      (c) 6.6% C 
Fig. 4. Friction coefficient with different C concentrations. 
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Fig. 5 shows the surface morphology and elemenetal compositions of the wear tracks with different laps, the 
film with 10.6% C concentration was chose. It can be observed that there is adhesion of titanium on the film after 
40 laps, and it increases with increasing the sliding laps. The EDX results show that when the B and N 
concentrations are retained in the films, there is no titanium detected. However, when the B and N concentrations 
are decreased near to 0, the titanium is detected in the film. It was considered that the titanium was adhesion on the 
films only when the films were worn out. In other words, if BN films were remained, the titanium would not 
adhesion on the films. 
 
   
(a) 30 laps    
   
(b) 40 laps 
   
                                                                               (c) 60 laps 
Fig. 5. Surface morphology and EDX results of the wear tracks with different laps. 
 
Fig. 6 shows the relations between the laps and titanium content on the wear track with different C 
concentrations in the films shown in Table 3. It can be observed that within the several laps, there was no titanium 
contains on the wear track. However, after several tens of laps, the titanium was detected, and it increases with the 
sliding laps increases. Compare these three curves, the laps when titanium started to adhesion on the films are 
different with different C concentrations in the films. The laps that titanium beginning to adhesion on the films 
increases with C concentration increases.  
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Fig. 6. Titanium content in the films with different C concentrations under different laps. 
 
Most of the films on Si substrates were worn out after 100 laps of ball-on-disk test, this was proved by the EDX 
measurement that no films were detected on the wear tracks. It was indicated that the adhesion strength of the films 
should be improved. And also some other substrate like WC should be used, as this material is a common material 
for tool production. 
4. Conclusion 
The BN films were deposited on silicon substrates by hot filament chemical vapor deposition. Raman 
spectroscopy and EDX analysis indicated that the films may have hexagonal hBCN structures. The friction 
coefficient of these films were different with different C concentration. The film with higher C concentration 
(19.6%) showed the stable and lower fricion coefficient than the films with lower C concentrations. There was no 
titanium adhesion on the wear tracks after BOD test when the films were remained, and the film with higher C 
concentration showed much better effect on preventing the titanium adhesion on the films. It was expected that this 
film could be used to prevent pure titanium galling on the tool surface. 
References 
Chong, Y.M., Ye, Q., Yang, Y., Zhang, W.J., Bello, I., Lee, S.T., 2010. Tribological study of boron nitride films. Diamond & Related Materials 
19,654-660. 
Etter, J., 2013. Report on hertzian contact stress theory. OPTI 521, University of Arizona, College of Optical Science, Tucson, AZ 
Geiger, M., Kleiner, M., Eckstein, M., Tiesler, N., Engel, U., 2001. Microforming. CIRP Annals - Manufacturing Technology, 50, 2, 2001, 
445–462. 
Mannan, M., Baba, Y., Hirao, N., Kida, T., Nagano, M., 2013. Hexagonal nano-crystalline BCN films grown on Si(100) substrate studied by X-
Ray absorption spectroscopy. Materials Sciences and Applications, 4,11-19. 
Mirkarimi, P.B., McCarty, K.F., Medlin, D.L., 1997. Review of advances in cubic boron nitride film synthesis. Materials Science and 
Engineering, R21,47-100. 
Mori, K., Murao, T., Harada, Y., 2003. Multi-stage cold deep drawing of long pure titanium cups using colored sheets for prevention of seizure. 
CIRP Annals-Manufacturing Technology, 52-1, 237-240. 
Shimizu, T., Iwaoka, S., Manabe, K., 2012. Tribological properties of anodized pure titanium foils in micro-deep drawing with ironing. 
Proceedings of AMPT 2012, CD-ROM. 
Watanabe,  S., Miyake,  S., Murakawa,  M., 1995. Friction behavior of amorphous BN-cubic BN dual-layered film. Surface and Coatings 
Technology 76-77,  600-603. 
